where mixing of the polymers can be achieved at the molecular level. The PU enhances the toughness, flexibility, and film forming performance, while (meth) acrylics improve the alkali resistance and have good compatibility with pigment in addition to lowering the overall cost. [3] [4] [5] [6] Although it is clear that the combination of the properties of the two polymers can be favorable for a given application, [7] simple blending of an acrylic latex with a poly urethane dispersion (PUD) leads to well documented problems with phase separa tion and limits material performance. [8] [9] [10] [11] [12] A common route to achieving a more intimate mixing between the PU and acrylic polymers is through the polymeri zation of (meth)acrylic monomers in the presence of preformed PU dispersions via seeded emulsion polymerization. [11, [13] [14] [15] [16] [17] However, due to the fact that the polymers are not chemically bonded, phase sepa ration between PU and (meth)acrylic polymers can still occur during film formation, especially at high content of PU [18] and this limits the performance.
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The use of a functional monomer that can introduce double bonds in the PU chains that subsequently can participate in the freeradical polymerization of (meth)acrylics offers a way to produce grafted hybrids and improve the compatibility between PU and (meth)acrylics. [13, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Functional monomers con taining both hydroxyl and (meth)acrylic groups are interesting because this dual functionality allows the monomers to react with the isocyanate groups during the formation of the polyure thane and with radicals during the formation of the poly(meth) acrylic chains. The grafting of PU and acrylic chains can result in a huge variety of macromolecular structures depending on the type of the functional monomer and the nature of both PU and (meth)acrylic monomers in the formulation. For example, when the number of double bonds introduced into the PU chain is less than two, the most likely outcome is a linear (meth)acrylic polymer chain with PU branches. If the number of double bonds is two or more, there is higher possibility of crosslinked network formation (as illustrated in Scheme 1), where the PU will serve to crosslink the (meth)acrylic chains. Furthermore, the reactivity of the double bond can be different depending on the nature of the double bond, which leads to
Introduction
The preparation of hybrid polymer materials has been the focus of intensive research over the last decades as the hybrids often exhibit superior properties to those of their individual compo nents. [1, 2] Among the range of possibilities for hybrid polymers, combination of polyurethane and (meth)acrylic polymers is particularly attractive because of their complimentary proper ties, particularly when used in the form of dispersed polymers www.advancedsciencenews.com www.mme-journal.de incorporation at different moments in the reaction and can generate a heterogeneous mixture of grafted and nongrafted PU chains. [29, 30] Given the extent to which the structure of the hybrid is con trolled by the nature of grafting, it can also be expected that the material properties differ strongly when grafting is introduced. For example, for a methyl methacrylate based PU/acrylic hybrid, Zhang and coworkers [31] showed that with increasing the con centration of functional monomer and hence the crosslinking, the tensile strength of the film was improved, while the elon gation at break decreased. Moreover, it has been demonstrated that the formation of the graft copolymers can lead to trans parent films [21, 32] due to higher compatibility between two polymers. In pressure sensitive adhesive applications, it has been reported that the cohesive strength can be improved with grafting. [25] Giraldo and coworkers [20] compared the cross cut adhesion of coatings from grafted PU/(meth)acrylic hybrids using 2hydroxyl ethyl methacrylate (HEMA) and bisphenolA glycidyl dimethacrylate (bisGMA) as functional monomer. It was reported that better adhesion was obtained in the grafted hybrids with bisGMA due to higher crosslinking degree; how ever, no data regarding the difference in the polymer micro structure was provided by authors.
The focus of this work is to make the link between polymer grafting and its effects on polymer microstructure, particle and film morphology, and final polymer properties. First, we describe the synthesis of solvent and emulsifierfree grafted PU/ acrylic hybrid waterborne dispersions using two different func tional monomers with different concentrations, glycerol mono methacrylate (GMMA) and HEMA. GMMA has two hydroxyl groups and a vinyl functionality (Scheme 2, left) and upon incorporating in the PU chain, the vinyl groups are located at the side of the PU chains. This creates the possibility of having several grafting points per PU chain. In contrast, in the case of HEMA (Scheme 2, right), which blocks the PU chains, the vinyl functionality is located at the end of a chain and the maximum of two grafting points per chain can be obtained. The synthe sized hybrids are characterized using a mixture of Soxhlet extraction and asymmetric flow field flow fractionation (AF 4 ) measurements to determine the network structure. Finally, the physical properties, including tensile strength and water resist ance are tested and linked to the network structure of the var ious hybrids.
Experimental Section

Materials
Isophorone diisocyanate (IPDI, Aldrich; 98%), 2bis(hydroxymethyl) propionic acid (DMPA, Aldrich; 98%), poly(propylene glycol) (PPG, Aldrich) (M n = 2000 g mol −1 ), diamino dodecane (DAD, Aldrich; ≥99.5%), 1,4butanediol (BDO, Aldrich; 99%), glycerol mono meth acrylate (GMMA, Fluorochem; 96%), 2hydroxyethyl methacrylate (HEMA, Aldrich; 98%), 1pentanol (Aldrich; ≥99%), triethylamine (TEA, Aldrich; ≥99.5%), dibutyltin dilaurate (DBTDL, Aldrich; 95%), and potassium persulfate (KPS, Aldrich; ≥99%) were used as received. Technical grade monomers, methyl methacrylate 
Synthesis Procedures
The synthesis of the PU prepolymer was performed in a 250 mL glass reactor fitted with a reflux condenser, a sam pling device (and feeding inlet), a nitrogen inlet, a thermom eter, and a flat blade turbine stirrer. Reaction temperature was controlled by an automatic control system, Camile TG (Biotage). The formulation of the synthesized PU/Poly(meth) acrylic (50/50 wt/wt) hybrid dispersions using the two func tional monomers (GMMA and HEMA) at different concen trations is presented in Table 1 . In order to gain an insight into the effect of grafting on the macromolecular structure, additional reactions were carried out in the absence of the functional monomers using either butanediol or pentanol to replace GMMA and HEMA, respectively. The synthesis of the PUurea dispersion using butanediol, GMMA, pentanol, and HEMA are shown in Schemes S1-S4, Supporting informa tion, respectively.
To synthesize the PU prepolymer, dimethylol propionic acid (DMPA), polypropylene glycol (PPG), isophorone diiso cyanate (IPDI) (7.73 g), dibutyltin dilaurate (DBTDL) (0.05 g), and 50 wt% of the (meth)acrylic monomers (mixture of MMA and butyl acrylate [BA], 1/1 by weight) were charged into the reactor. The reaction mixture was brought to 70 °C under agi tation (250 rpm) and held for 4-5 h. The free NCO at the end of the reaction was checked with amineback titration. [33] Then, the mixture of diols (butanediol and GMMA) or monoalcohols (pentanol and HEMA) dissolved in 20 wt% of (meth)acrylic monomers (mixture of MMA/BA 1/1 wt/wt) was added to the prepolymer to functionalize the PU chains. Butanediol (in the case of GMMA) and pentanol (in the case of HEMA) as short chain diol/alcohol were added with the functional monomer in order to keep the same NCO/OH value and hence to use fixed amount of chain extender in the case of grafted and nongrafted hybrids. After 2 h, the mixture was cooled to 25 °C and addi tional 20 wt% of (meth)acrylic monomers (mixture of MMA/ BA 1/1 wt/wt) was added to reduce the viscosity. After that, TEA dissolved in 10 wt% of (meth)acrylic monomers (mixture of MMA/BA 1/1 wt/wt) was added and kept at 25 °C for 45 min in order to neutralize the carboxylic groups of DMPA.
Then, the PU/(meth)acrylic solution was dispersed in water. To prepare the aqueous dispersions, the reactor was charged with double deionized water under nitrogen at 25 °C and the prepolymer-monomer mixture was added in 15 min under high agitation (750 rpm). After that, the chain extender (DAD) dissolved in 10 wt% of the (meth)acrylic monomers (mixture of MMA/BA 1/1 wt/wt) was added into reactor and left to react 1 h at 70 °C. The theoretical molar ratio of NCO/OH (defined as a molar ratio of IPDI and sum of molar ratio of PPG, DMPA, short chain diol/alcohol, functional monomer, and DAD) was 1.8 before chain extension, 1.6 for the functionalized prepoly mer, and 1.0 after chain extension. The complete reac tion of the isocyanate groups was checked by FTIR ( Figure S1 , Supporting Information).
Although the reaction of primary amine of the DAD with the isocyanate groups is expected to be faster than the Michael addition between DAD and BA or MMA, the signal of the vinyl functionality of the (meth)acrylic monomers was monitored. No changes in this signal were observed during 1 h chain extension ( Figure S2 , Supporting Information).
The free radical polymerization of (meth)acrylic monomers was performed at 70 °C by adding KPS (0.5 wt% based on monomer) dissolved in water as a single shot. The polymeriza tion was performed in batch for 2 h and a final conversion of (meth)acrylic monomers higher than 98% was achieved in all the cases. The resulting hybrid latexes had 40% solids content.
Characterization
The detailed characterization of the PU/acrylic hybrids is given in the supporting information. The final particle sizes of the latexes were measured by dynamic light scattering (DLS). Unreacted NCO groups were determined by titration. Conversion of (meth)acrylic monomers was measured gravi metrically. Gel fraction was measured by Soxhlet extraction, using THF as the solvent. The molar mass distribution of the whole polymer was determined by asymmetricflow fieldflow fractionation (AF 4 ) using multiangle light scattering and refrac tive index detectors (MALS/RI). Thermal characterization of the hybrids was carried out by differential scanning calorim etry (DSC). Latex particle and film morphology was studied by means of transmission electron microscopy (TEM). The mechanical properties of the polymer films from synthesized latexes were determined by tensile test measurements. Water sensitivity of the polymer films was analyzed by water uptake test. Table 2 summarizes the characteristics of the synthesized PU/ Poly(meth)acrylic hybrid dispersions. The final particle sizes of the hybrids were in the range of 80-150 nm. For grafted PU/ acrylic hybrids using HEMA as functional monomer, the par ticle size increased with increasing functional monomer con tent while for GMMA the reverse trend was observed. These differences can be related to the relative hydrophobicity of the functional monomer compared to the aliphatic alcohols used to replace them. In the case of the diols, butanediol is very hydrophilic (log P octanol/water = −0.88) [34] and is completely mis cible with water whereas GMMA will tend to partition into the organic phase. In the case of the monoalcohols, the reverse is true and pentanol is significantly more hydrophobic than HEMA (log P octanol/water = 1.51 and 0.42, respectively). [35, 36] Thus, in both sets of reactions for more hydrophobic alcohols smaller particle sizes were observed. The DSC analysis showed two glass transition temperatures (T g ) for all the hybrid films, one at low temperature (around −55 °C), which corresponds to the PU chains, and another at higher temperature (around 30 °C), which corresponds to the copolymer of MMA/BA obtained in a batch system (the DSC curves of the polymers films are shown in Figure S3 , Sup porting information). It is worth pointing out that in batch polymerization due to the difference in the reactivity ratios of MMA and BA (r MMA = 1.88, r BA = 0.30), [37] some PMMA rich chains with higher T g are expected to be formed at the begin ning of the process. The two T g s slightly shifted toward each other in the case of the grafted hybrids, showing more compat ibility between PU and (meth)acrylic polymer phases.
Results and Discussion
Hybrid Characteristics
A detailed characterization of the effect of the functional monomers on the molar mass distribution (MMD) was carried out by measuring the gel fraction (fraction of polymer insol uble in THF, Table 2 ) as well as the complete MMD by AF 4 (see Figure 1) . This technique provides information on absolute MMD of the whole polymer (gel + sol). [38] [39] [40] [41] The AF 4 results presented in Figure 1a show a bimodal MMD for the sample with butanediol and no functional mon omer, where the population of high molecular weight chains corresponded to (meth)acrylic polymer and the one with lower molecular weights to PU chains. The very high M w (10 7 -10 8 g mol −1 ) observed with butanediol is surprising and suggests the occurrence of some long chain branching in the last stages of the free radical polymerization, when mostly poly(BA) was formed. It should be noted that the absence any gel formation as determined by Soxhlet extraction with THF (see Table 2 ) sug gests that this fraction remains just within the bounds of the limit of solubility. For pentanol (Figure 1b) , in addition to the high M w peak, the MMD has a substantial amount of poly mer in the region 10 5 -10 6 g mol −1 . Likely, this polymer was linear poly(MMABA). The lower M w as compared with butanediol might be due to some unreacted pentanol acting as chain transfer agent.
A substantial increase of the molecular weight was observed when functional monomers were used (Figure 1 ). The reason was that, due to the double bonds in its structure, the PU behaved as a crosslinker. The crosslinking action of the PU led to the formation of a fraction of insoluble polymer (gel), par ticularly in the case of GMMA (see Table 2 ). The main reason for the difference between GMMA and HEMA can be directly linked to the nature of the functional monomer that leads to PU chains with both different lengths and different position of double bonds. Table 3 shows the number average molar mass (M n ) of PU chains before the free radical polymerization of the (meth)acrylic monomers and the predicted average number of double bonds per PU chain based on the molar mass. With the monofunctional alcohol compounds (HEMA and pentanol), PU with lower M n was obtained, because the monofunctional alcohols terminate the PU chains. On the other hand, bifunc tional alcohols (GMMA and butanediol) chain extend the PU and result in a higher M n . Consequently, as the mole fraction of GMMA and HEMA was the same, the average number of double bonds per PU chain is significantly higher for GMMA, resulting in higher gel content. It should also be noted that the statistical distribution of the functional groups means that some chains will have two double bonds and some chains may not have any.
In the grafted hybrids with GMMA (Figure 1a ), the addition of GMMA resulted in both a decrease of the size of the peak of nongrafted PU and the shift toward higher molar mass, as well as an increase of the fraction and the molar mass of the peak of high molecular weights. The effect became stronger as GMMA content increased. The slight shift of the peak in the lower molar mass region is probably due to the propagation of PU chains containing a single double bond with some acrylic www.advancedsciencenews.com www.mme-journal.de monomer. As was discussed before, despite the high average grafting point per PU chain (2.2 in the case of GMMA 5%, see Table 3 ), not all the PU chains were grafted. Therefore, in addition to the effect of the statistics that may result in PU chains devoid of double bonds, some PU chains were probably incorporated into short acrylic chains not included in the gel fraction.
In the grafted hybrids with HEMA (Figures 1b), the addition of 2.5% of HEMA did not result in a decrease of the relative size of the PU peak, although the MMABA copolymer reached higher molecular weight. This indicates that only a relatively small fraction of PU was grafted, likely because of the small average number of double bonds per PU chain (0.5). On the other hand, the strong shift of the poly(MMA/BA) chains to higher molar masses indicates that some PU chains acted as crosslinkers (the statistical distribution of the double bonds may lead to PU chains with two double bonds). When HEMA concentration was increased to 5%, there was a significant reduction of the PU peak and chains with very high molar masses were observed.
The TEM micrographs of the PU/acrylic hybrid disper sion (left) and crosssection of the final film (right) are shown in Figures 2 and 3 for the hybrids with GMMA and HEMA, respectively. As can be seen in Figures 2aleft and 3aleft , for the hybrids with no functional monomer a coreshell like particle morphology was observed with the acrylics in the core and the hydrophilic PU in the shell (PU chains contain DMPA units). With the addition of GMMA, PU grafted to the acrylic polymer and the particles were more homogeneous. No clear distinction between the individual polymeric phases was noticed for 5% GMMA (Figure 2cleft ). HEMA caused a sim ilar, although less strong, effect on particle morphology. Using 2.5% HEMA, the particles still showed coreshell morphology, but with a less well defined border (Figure 3b) , which supports the finding of lack of efficient grafting of PU into acrylics and no gel formation in this case. However, as the HEMA content increased to 5%, the grafting was more efficient and the parti cles were more homogeneous.
The particle morphology has a significant effect on the resulting morphology of films cast from the hybrid dispersions. The TEM of the film crosssection for the hybrid with no func tional monomerbutanediol (Figure 2aright) showed that the dark spherical domains (acrylics) dispersed within the bright continuous phase (PU). In the case of using GMMA, a more homogeneous distribution of dark (acrylics) and bright (PUs) domains was observed (Figure 2bright and 2cright) indicating less phase separation due to the occurrence of grafting. For 5% GMMA, no phase separation was noticed on the nanometer scale (Figure 2c) . The films cast with the HEMA hybrid showed a similar behavior (Figure 3bright and 3cright) .
Hybrid Properties
The stress-strain behavior of nongrafted and grafted PU/ (meth)acrylic hybrid films cast at ambient temperature are shown in Figure 4a ,b, respectively. The mechanical properties obtained from these experiments are summarized in Table 4 . The weak effect that grafting and crosslinking had on the mechanical properties for GMMA films in spite of the strong changes in polymer architecture caused by the presence of GMMA ( Figure 1 and Table 2 ) is surprising. It is remarkable that even the hybrid synthesized using butanediol instead of GMMA, and therefore devoid of crosslinking points, presented strainhardening, a characteristic that is typical of crosslinked polymers. This behavior may be due to hydrogen bonding among PU chains that formed a physical network. As the PU was the continuous phase in the polymer film (Figure 2aright) , it determined the properties of the film. Graftingcrosslinking between PU and poly(MMABA) provides additional stiffness to the film, but the increase is modest perhaps due to the loss of some hydrogen bonds among the PU chains that results from the interpenetration with the poly(meth)acrylates. The increase www.advancedsciencenews.com www.mme-journal. de in stiffness results in a slight increase in Young's modulus and decrease in the elongation at break. On the other hand, the effect of HEMA on the tensile test was pronounced and the properties of the polymer evolved from those of an almost liquidlike material to a strainhardening polymer. The liquidlike behavior is likely due to the low M w of the PU (the continuous phase of the hybrid film) that is in the region of the critical entanglement length of PUs (ca. 11 000 Da in this case). [42] This behavior agrees with the results reported on the effect of PU molar mass on mechanical properties of the PU/ poly(butyl methacrylate) (PBMA) hybrids produced by minie mulsion polymerization. [42] It was shown than when the molar mass of PU was low, the PU chains acted as plasticizer and reduced the mechanical property of the PUPBMA film. In the www.advancedsciencenews.com www.mme-journal.de present case, grafting and crosslinking improve the mechanical properties because of the increase in molecular weight and the formation of a network, which led to a strainhardening material. The increase of both elongation at break and the stress at break (Figure 4b ) is an unusual behavior as it is an almost universal observation that structural variations that lead to an increase in elongation at break also lead to a decrease in stress at break and vice versa. The observation here can be related to the polymer architecture. If the average number of HEMA units per PU chain is one or less, then the polymer will have a brush like structure, in contrast to the case of GMMA, which has the structure of a conventional crosslinked network with relatively few brushes. Brushlike polymers often exhibit unusual rheolog ical behavior and the potential of brushlike polymer to exhibit unique control over mechanical properties of elastomeric mate rials has recently been demonstrated, highlighting the potential for independent control of parameters that determine material strength. [43] As the quantity of HEMA increased, the proportion of PU chains containing two vinyl groups increased resulting in a structure with increased crosslink density but a lower content of brushes. VatankhahVarnosfaderani et al. [43] have shown that in the case of brushlike PDMS elastomers, such an increase in the number of crosslink points with decreasing number of brushes can lead to materials with greater stress at break, but without compromising the maximum strain. In the present case, the network structure is further complicated by the pres ence of "free" PU chains which are not incorporated into the network but the differences between GMMA and HEMAbased PU hybrids can be linked to the molar mass of the PU chains. Despite these desirable properties, even with 5% HEMA, the grafted hybrid did not achieve the mechanical properties of the hybrid with no functional monomer and using butanediol, highlighting the importance of the PU properties for the hybrid mechanical properties.
The water uptake of the polymer films for nongrafted and grafted hybrids with GMMA and HEMA are shown in Figure 5a ,b, respectively. The water uptake is rather high, likely due to the hydrophilic nature of COOH contained in the PU chains and low T g of the PU that makes water swelling easier. The water uptake decreased when grafting was introduced in the system for both GMMA and HEMA and this effect was more pronounced for higher content of functional monomer in the formulation. Moreover, the water uptake showed a tendency to reach a plateau in the case of crosslinked hybrids (GMMA 2.5% and 5% and HEMA 5%). The decrease of water uptake is related to the higher density of crosslinking in the polymer network that lowers the potential to accommodate water mol ecules within the network. Table 5 presents the amount of pol ymer dissolved in water during the test (as difference in weight before and after water uptake experiments). As can be seen, the amount of water soluble species was in the same range (around 2 wt%) for all the films, which can be largely due to the use of hydrophobic chain extender DAD that limits the production of water soluble oligomers.
Conclusions
Solvent and emulsifierfree grafted PU/ acrylic hybrid dispersions were success fully synthesized by the incorporation of functional monomers (GMMA and HEMA) in the PU chains. As the chem ical structure of the functional mono mers were different, with GMMA having two hydroxyl groups and HEMA one, the grafted hybrids had different network and polymer microstructures, as determined by a combination of Soxhlet extraction and www.advancedsciencenews.com www.mme-journal.de asymmetric flow field flow fractionation (AF 4 ). Using GMMA, higher gel content and absolute MMD was obtained dem onstrating more efficient grafting that led to a densely cross linked network. In contrast, by using HEMA, as it blocks the PU chains, hybrids with lower molecular weight and a loosely crosslinked brushlike network were obtained. TEM analysis showed that the hybrids with no functional monomer had coreshell morphologies with the acrylics in the core and PUs in the shell. As a result, in the film, the acrylic domains were dispersed in a soft PU matrix. With efficient grafting (using GMMA and high content of HEMA), both par ticle and film morphology showed more homogeneity and less phase separation of two polymers. Despite the high grafting efficiency and the difference in the polymer microstructure, grafting with GMMA did not show the expected mechanical reinforcement. The reason for this was that the hybrid with no GMMA (only butanediol) already showed strainhardening behavior, likely due to the hydrogen bonding among the PU chains that act as physical crosslinker. Graftingcrosslinking between PU and poly(MMABA) provided additional stiffness to the film, but the increase was modest, perhaps due to the loss of some hydrogen bonds among the PU chains that resulted from the interpenetration with the poly(meth)acrylates. In con trast, with HEMA the mechanical reinforcement due to grafting was more obvious. In this case, the low molar mass PU chains that were not grafted acted as plasticizer and with grafting, the incorporation of these chains into the acrylic polymer led to an improvement in the mechanical properties. The water sensi tivity of the hybrids substantially decreased with grafting likely due to the increased grafting density that reduced the potential of the hybrid films to absorb water.
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